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Introduction
The accretion of ammonoid shells is assumed to be more or less continuous, comparable to the modern Nautilus and other shell bearing molluscs (e.g., Martin et al. 1978; Saunders 1983, Cochran and Landman 1984; Ward 1987; Westermann et al. 2004 ). However, some shell elements, e.g., flares, parabolae, have been suggested to represent temporary apertures indicating growth stops during ontogeny (e.g., Neumayr 1884; Arkell et al. 1957; Bucher et al. 1996) . Flares typically occur in Lytoceratoidea while parabolae are reported for Clymeniida, Phylloceratoidea, Lytoceratoidea, and Perisphinctoidea (Wähner 1894; Michalski 1908; Arkell et al. 1957; Keupp 2000; Hoffmann 2010; Hoffmann and Keupp 2010) . Both, flares and parabolae are radial linear elements, which encircle the whorl except for the dorsal part ( Fig. 1) . Flares are prominent, smooth to crenulated rib-, frilllike or sometimes funnel-shaped shell extensions (Fig. 1A) paralleling the growth lines. Flares are underpin ned by new shell material, which continues the growth of the conch tube. However, Drushits et al. (1978) describe the flares of Tetragonites and Gaudryceras only as nacreous thickenings and do not mention an interruption in shell growth. Drushits and Doguzhaeva (1981: fig. 31 ) demonstrate that the outer prismatic layer is involved in the formation of flares of Eurystomiceras (junior subjective synonym of Nannolytoceras; see Hoffmann 2010) . Hence the outer prismatic layer shows an episodic growth interruption. Recently, it has been shown that the flares of Anagaudryceras (Bucher et al. 1996: fig. 11 ) and Eogaudryceras (Doguzhaeva et al. 2010: fig. 3 ) are composed of the outer prismatic and nacreous layer. However, none of the above descriptions show complete flares.
Parabolae represent thin raised lines or ribs, which form prominent symmetrical sinuses, the paired parabolic notches (Fig. 1B) , at the ventro-lateral edge. Ventrally and laterally parabolae form adorally projecting saddles. Parabolae are oblique to, and hence cut growth lines or other sculptures (e.g., Bucher et al. 1996) . Additional structures often associated with parabolae are the parabolic nodes, smooth elevations formed in the parabolic notches. While it is generally accepted that parabolae represent an interruption in shell growth, their primary shape is still under debate. Some authors assumed that parabolae represent the actual moulding of the temporary aperture (e.g., Pompeckj 1894; Keupp 1973 ), probably formed due to lower growth rates at the position of the parabolic notches (Keupp 1973: fig. 4 ). In contrast, a secondary state, e.g., resorption of apophyses (Teisseyre 1883 (Teisseyre , 1889 Siemiradzki 1898 Siemiradzki -1899 Brinkmann 1929; Hiltermann 1939) , or the resorption of semi-closed to closed ventro-lateral, hollow spines with parabolic notches as their former bases (Stieler 1922; Wendt 1968; Guex 1989; Bucher and Guex 1990) , or removal of a frill through breakage (Michalski 1908) were assumed by others. Bucher and Guex (1990) supposed that parabolae and flares share a similar ultrastructure (also Bucher et al. 1996; Bucher 1997) . Accordingly, flares and parabolae represent different expressions of their concept of megastriae. Both flares and parabolae are assumed to be the result of withdrawal of the shell-secreting mantle. A similar genesis and internal structure (outer prismatic and nacreous layer) suggest that flares and parabolae were homologous structures. A third interpretation was provided by Doguzhaeva (2012) . Based on observations of Indosphinctes, parabolae were interpreted as a superstructure of the muscular system serving predominantly for the secure attachment of muscles to the inner and outer shell surface. That interpretation points to a semi-internal shell without episodic growth stops during the formation of parabolae.
By comparing concurring hypotheses about the internal structure, formation and shape of flares and parabolae the following questions arise: (i) What was the original shape and potential function of flares and parabolae? (ii) Which processes took part in their formation and/or removal? (iii) Do flares and parabolae represent homologous structures? (iv) Do parabolae indicate a semi-internal shell?
Institutional abbreviations.-BSPG, Bavarian State Collection for Palaeontology and Geology, Munich, Germany.
Other abbreviations.-apc, apertural prismatic coating; ipl, inner prismatic layer; ncl 1/2, nacreous layer of primary/ secondary shell; opl 1/2, outer prismatic layer of primary/ secondary shell; PI, SEM preservation index; pt, prismatic thickening; sb, shell bulge; var, varix.
Material and methods
The present study is based on pristine shells of Choffatia sp. (Perisphinctoidea) from SW Russia, Argonauticeras besairiei Collignon, 1949 from NW Madagascar, and Protetragonites fraasi (Daqué, 1910) from SW Madagascar (both Lytoceratoidea). All specimens are housed in BSPG (Coll. H. Keupp) (Table 1) . According to the SEM preservation index (PI) by Cochran et al. (2010) , the examined shell material has a predominantly aragonitic preservation of a good (PI = 3) to fair (PI = 2) state. In all specimens only the phragmocone is preserved. Russian samples show a partial pyritic overprint; the chamber walls are coated with diagenetic pyrite crystals. The remaining hollow spaces are filled with fine loose sediment, which was removed for observation. Madagascan ammonoids are filled with coarse, marly, glauconitic sediment or are completely filled with drusy calcite.
Freshly broken pieces and etched sections of shell material were analysed. Etched sections were prepared by polishing with aluminium oxide and were afterwards treated with 10% formic acid for 5-10 s. All samples were fixed with conductive carbon glue on aluminium stubs and then sputtered with gold. Observations were made and pictures were taken with the scanning electron microscope (Type: Zeiss SUPRA 40VP) of the palaeontological section of the Freie Universität Berlin.
Results and discussion
Flares.-Protetragonites fraasi and Argonauticeras besairiei developed regularly spaced flares. Protetragonites has 5-6 and Argonauticeras 7-10 flares per whorl. Each flare marks the junction of two shell generations. The older shell generation is called the primary shell and the new one is called the secondary shell. The formation of the flares indicates the end of one formation cycle. Two flares of Argonauticeras are preserved completely intact, forming a frill ( Fig. 2A) . They reach a height of up to 800 μm and a thickness of up to 100 μm. The proximal part is straight but slightly adorally inclined, while the most distal part forms a backward inflection that results in a hook-like appearance in cross section. The flare consists of a thin outer prismatic and an underlying thick nacreous layer (opl 1 and ncl 1 in Figs. 2, 3A 1 , B 1 , 4A), which is in accordance with the observations of Bucher et al. (1996: fig. 11 ) and Doguzhaeva et al. (2010: figs. 3, 5) . The inner surface of the frilled aperture is covered by a prismatic layer (apc in Figs. 2B, C, 3, 4C, 5A). This layer is called the apertural prismatic coating (apc) here. The flare thins out distally and vanishes forming a delicate prismatic wedge, a product of the opl 1 and the apc (Fig. 2C) . In distal parts of flares as well as in non-flared apertural edges the ncl 1 thins out (e.g., Mutvei 2014) . Flares at the umbilical edge are less conspicuous and made of a small wedge of the opl 1 (and apc?), which rises slightly (ca. 20 μm) above the shell surface (opl 1/apc in Fig. 4D ). The majority of flares have been morphologically altered, i.e., they do not show their original shape. Ventrally, the flares are often preserved as short, rounded stumps projecting above the shell surface (Figs. 3A 1 , 4A , B), up to 400 μm high, or are completely cut off sub-parallel ending at the level of the shell surface (Fig. 3B) , i.e., horizontally cut flare-bases (compare Bucher et al. 1996; Doguzhaeva et al. 2010) .
Beneath the actual flare a new shell generation (secondary shell), comprised of a secondary outer prismatic and nacreous layer (opl 2 and ncl 2 in Figs. 2A, B, 3 , 4A, C, D), is formed. Thus, the shell seems to be doubled in that area. The new opl 2 begins immediately at the base of the flare and is in direct contact with the apc (Fig. 3A 2 , B 2 ). The ncl 1 and the ncl 2 can only be separated in proximity to the flare, Collignon, 1949 (BSPG MAo-1801 from Ambatolafia, Mahajanga Basin, NW Madagascar; Lower Albian, Cretaceous. A. Complete flare, the primary shell bends outwards and forms a frill. The flare ends in a backward reflection of the shell, i.e., apertural margin. Secondary shell material is attached from beneath and forms a prominent bulge in front of the flare. B. Close-up of A, contact of the primary shell and the secondary shell. The interior of the flares is covered by an apertural prismatic coating. C. Apertural margin of the flare, the primary shell wedges out. The primary outer prismatic layer and the apertural prismatic coating form a vanishing prismatic wedge. Abbreviations: apc, apertural prismatic coating; dipl, dorsal inner prismatic layer; ipl, inner prismatic layer; ncl 1/2, nacreous layer of the primary/secondary shell; opl 1/2, outer prismatic layer of the primary/secondary shell; sb, shell bulge; var, varix. (Fig. 3B 1 ) . Furthermore, in Argonauticeras, the ncl 2 forms an internal thickening beneath the flare, i.e., an internal varix (var in Fig. 3B 1 ) . The innermost contributing layer is the inner prismatic layer (ipl), which is uninterrupted, and covers and smoothes the inner shell surface.
Formation of the flares.-During periodic flare formation shell growth ceased and the frilled aperture was presumably covered with mantle tissue, as indicated by the apc (Fig. 5A) .
In modern Nautilus, a probably homologous prismatic coating (mantle adhesive layer secreted by the adoral mantle) appears at the terminal aperture (Erben et al. 1969; Doguzhaeva and Mutvei 1986; Mutvei and Doguzhaeva 1997; Mutvei 2014) . The apc occurs also in Anagaudryceras (Bucher et al. 1996: fig. 11 ) and Eogaudryceras (Doguzhaeva et al. 2010 : pr in figs. 3, 5), hence we assume a similar genesis for all lytoceratids. Shell growth proceeds with the formation of a new segment of the conch tube at the base of the flare (shell duplication) (Fig. 5D, E) . Therefore, the mantle was retracted into the living chamber. It is likely that the mantle edge attaches in front of the flare, since the opl 2 begins in direct contact with the apc. The bulge was probably a reaction to the retraction of the mantle whereby the mantle tissue was compressed and thus was pressed outwards. Similar structures occur in flares of Anagaudryceras (Bucher et al. 1996: fig. 11 ) and Eogaudryceras (Doguzhaeva et al. 2010: figs. 3, 5) and can also be seen during shell repair after injuries (e.g., Keupp 1998 Keupp , 2012 . Finally, in the rear parts of the living chamber, the ipl was laid down by the apical mantle as the growth continued (e.g., Kulicki 1979 Kulicki , 1996 Birkelund 1980 (Fig. 4E ). For those we assume a breakage due to mechanical stress. It seems likely that those structures represent accidents (e.g., collision, attacks). However, the majority of flares was presumably removed due to the resorption activity of mantle tissue on two occasions, namely during the formation of the actual whorl and again during overgrowth by the following whorl 360° later. Our interpretation is based on the following observations. (i) Most of the flares show a more or less regular and recurring pattern of modification (rounded stumps of and/or horizontally cut flares) indicating a controlled process (e.g., resorption; Figs. 3A 1 , B 1 , 4A). Accordingly, we reject diagenesis or erosion that would produce irregular patterns. Broken flares as mentioned above are probably unaffected (irregular edge) because these are (already) short enough, making subsequent biologically controlled removal unnecessary.
(ii) All flares reduced in height show that all constituting shell layers (opl 1, ncl 1, apc) are affected (Figs. 3A 1 , B, 4A, B). In particular, thereby, the remaining cut base of Argonauticeras' flares and the associated bulge together form a rib-like ridge ventrally. The relief of the shell is significantly reduced at these positions. Similar phenomena were reported for Recent gastropods during resorption activities of their mantle tissue on the inner shell surface (e.g., Kohn et al. 1979) .
(iii) One specimen of Argonauticeras preserved a rounded stump of a flare (Fig. 3A 1 ) at the lower shell flank (whereas it is ventrally covered by the following whorl and is horizontally cut, i.e. rib-like ridges; Fig. 3B 1 ) . We assume that this lateral portion was out of reach of the mantle of the following whorl. Therefore, the mantle of the actual whorl resorbed the major part of the flare prior to the beginning of a new shell formation cycle, probably during withdrawal ( Fig. 5A-C) . The distal part of the flare was probably shed through destabilization (resorption) of its base and the resulting breaking surface was smoothed directly afterwards Resorbed flare, the primary shell bends outwards and is cut off horizontally to the shell surface; secondary shell material is attached from beneath and forms a prominent bulge in front of the flare and a varix beneath. B 2 . Close up of B 1 , the flare is cut independently of the shell layers; condition of apertural prismatic coating and new outer prismatic layer as in A 2 . Abbreviations: apc, apertural prismatic coating; dipl, dorsal inner prismatic layer; ipl, inner prismatic layer; ncl 1/2, nacreous layer of the primary/secondary shell; opl 1/2, outer prismatic layer of the primary/secondary shell; ol, organic layer; sb, shell bulge; var, varix. by the mantle; Seilacher and Gunji (1993: 255) show corresponding, isolated "apertural rings" in the Posidonia Shale basin of Germany. We expect that this applies generally for removed flares with rounded stumps.
(iv) In several lytoceratid taxa, the resorption of flares is restricted to the contact area of the subsequent whorl; the frills are preserved at the whorl flanks. At the position of the subsequent whorl the flare has a cutting hole that matches with the perimeter of the subsequent whorl (e.g., Drushits et al. 1978; Doguzhaeva et al. 2010) , indicating activity of the mantle of the following whorl. This is similar to the observations in Argonauticeras mentioned above; horizontally cut flare-bases are restricted to the ventral shell portions (Fig. 3B 1 ) whereas lateral, rounded stumps of the flares prevail (Fig. 3A 1 ) . In Argonauticeras, each ventral, cut flare represents a cutting hole caused by the mantle of the following whorl. The horizontal cutting edge ends at the same height as the adoral bulge of the second shell generation. The bulge acts as a template for height (Fig. 5F, H, I ). It is rather unlikely that the actual mantle could anticipate the needed height of the rib-like ridges or cut off the flare frill horizontally.
However, observations of an organic-rich dorsal coating layer covering the complete conch of Gaudryceras (Drushits et al. 1978; Birkelund 1980 ) may indicate a significantly larger potential extension of the mantle. It provides an explanation how flares of older, preceding whorls could be resorbed ventrally and laterally by the mantle of the following whorl (Fig. 5A, G-I ). If this is true, the amount of resorption of the flare seems to be dependent on the position in the whorl, ventral (cut flare-bases) or lateral (rounded flare stumps), at least in Argonauticeras.
We prefer the possibility that the mantle removed and smoothed portions of the flares on two occasions, namely during formation of the actual aperture and during overgrowth by the following whorl (after 360°). Still, we cannot exclude the possibility that ventral and lateral portions of the flares were removed and smoothed by the mantle tissue on only one occasion-overgrowth by the following whorl.
According to our interpretation, ammonoid mantle tissue removes flares that are about 100 μm thick. Thus, the resorption ability in ammonoids resembles that of recent Nautilus, which is able to resorb outer shell portions of up to 150-200 μm thickness during overgrowth (Signor 1985; Ward 1987) . It has to be noted that the removal of flares has a potential for misinterpretation. The varices associated with the rib-like ridges of Argonauticeras indicate the presence of flares but were handled as common ribs or varices in other works (e.g., Arkell et al. 1957; Hoffmann 2010) . In this study we report on flares in Argonauticeras for the first time.
Secondary flares.-Secondary flares occur on the outer whorls as a sequence of 4-12 regularly spaced, weak rib-like ridges preceding the formation of a fully developed flare in Argonauticeras (Fig. 6 ) but they had smaller dimensions. Similar to the primary flares, secondary flares mark the junction of two shell generations; ventrally, they appear like primary flares with a horizontally cut base (opl 1 and ncl 1 in Fig. 6 ). In contrast to the primary flare the participating nacreous layer is significantly thinner (ncl 1 in Fig. 6 ). In front of the cut secondary flare a bulge is present contributing to its rib-like appearance (sb in Fig. 6 ). The relief of the primary shell ends in an irregular breaking edge. Abbreviations: apc, apertural prismatic coating; dipl, dorsal inner prismatic layer; dncl, dorsal nacreous layer; dopl, dorsal outer prismatic layer; ipl, inner prismatic layer; ncl 1/2, nacreous layer of the primary/secondary shell; opl 1/2, outer prismatic layer of the primary/secondary shell; ol, organic layer; sb, shell bulge. bulges can form a corresponding internal furrow, i.e., an undulation of the shell wall that the ipl smoothes out. It is likely that secondary flares developed like primary flares but were probably smaller marking a shorter interruption of growth.
Parabolae.-Choffatia developed a regularly spaced number of parabolae, up to nine per whorl. None of the observed parabolae is completely preserved. Structurally, parabolae resemble flares in several aspects in particular showing the junction of two shell generations, the primary and secondary shell. In median cross section, the primary shell appears to be cut perpendicular or sub-perpendicular to the shell surface (ncl 1 in Fig. 7A, B) , at the position of parabolae. It changes the relative orientation to the shell surface depending on its position in the shell whorl. At the ventral saddle, the primary shell has a horizontal orientation, parallel to the shell surface. At shell portions adjected to the notches, the shell bends slightly outwards (Fig. 7D) and at the notches, the cutting edge remains clearly elevated (80 μm) above the shell surface (Fig. 7C ). In transversal cross section, the primary shell forms characteristic slots at the parabolic notches (Fig. 8) ; the primary shell ends abruptly (ncl 1 in Fig. 8B-E) , being similar to the observation in median section. The primary shell seems to be simply constructed; only the involvement of a thin ncl 1 (16-20 μm) was usually observed. Although the opl 1 is not preserved, we assume its presence. This is because Sprey (2002: pl. 4: 7) shows that parabolae of juvenile Binatisphinctes are exclusively composed of the opl 1. Similar to the flares, parabolae form an apc but only at the position of the notches as part of the outward bending shell edge (apc in Fig. 7C ). The apc thickens distally but vanishes nearly completely towards the parabola-base. As in flares the shell wall is locally doubled at the position of parabolae through the formation of the secondary shell from beneath (ncl 2 in Figs. 7, 8) . It is this new generation that forms the parabolic nodes by undulation within the parabolic notches (Fig. 7D) . The secondary shell seems to consist only of an ncl 2. A thin prismatic layer, or in most cases a void, separates the two shell generations (Fig. 7A, B) . The ncl 1 and ncl 2 merge at varying distances aboral of the cutting edge (up to a half length of a septal chamber); therefore the beginning of the ncl 2 cannot be determined. Only at the notches, the secondary shell forms a prominent prismatic thickening (pt in Fig. 7C) . In cross section, the pt has a symmetric triangular outline and has the same height as the outward bending cutting edge in front of which it is formed. The outer prisms habitus is much fainter than at the broad pt-base. The aboral margin of the pt wedges out underneath the free cutting edge and in the adoral direction. The pt and the apc of the free edge are separated by a discontinuity. Interestingly, Doguzhaeva (2012) describes prismatic "lenslike inclusions" at the same position (parabolic notches) in Indosphinctes (Perisphinctoidea). Each parabola is underpinned by a continuous inner prismatic layer (Fig. 8B-D) .
Formation of parabolae.-As in flares, the junction of two shell generations in parabolae indicates the end of a secretion cycle, which is accompanied by the formation of a (not preserved) temporary aperture (halt in growth), and the subsequent withdrawal of the mantle for secretion of a new shell segment of the conch tube (continuing growth). The temporary aperture of parabolae was probably covered with mantle tissue as in flares (apc): it is likely that the apc of both is equivalent, but was perhaps diagenetically altered here (change in thickness). However, the temporary aperture was modified afterwards (cutting-edge, see below).
After formation of the aperture, the mantle retracted into the living chamber to begin secretion of the new shell segment in front of it (shell duplication). The withdrawal of the mantle edge was probably very extensive, as is indicated by the wide aboral extension of the prismatic separation layer of the shell generations. This layer could be the opl 2 (usually secreted by the adoral mantle edge). However, we prefer the possibility that the separation is accomplished by the apc and that the opl 2 begins near the cutting-edge, which is more in accordance with the observations in flares (begining at the base). Also in shell injuries, the opl 2 of the replacement shell begins immediately beneath the breaking-edge (e.g., Keupp 1998 Keupp , 2012 ; GR personal observations). Similar to flares, there is evidence suggesting compression of the mantle tissue during formation of the parabolic nodes of the secondary shell (undulation). The soft tissue is probably compressed during withdrawal of the mantle and thus pressed outwards in reaction (compare Teisseyre 1883 Teisseyre , 1889 .
It is very likely that the prismatic "lens-like inclusions" described by Doguzhaeva (2012) and our pt are equivalent structures indicating a general feature for parabolae, probably of biological origin. This pt could originate in the opl 2. However, we cannot exclude a diagenetic formation. The gradual fainting of its prisms from the inside to the out- side indicates an outward-tending growth independent of the mantle tissue. This could be the product of diagenetic epitaxy or remote shell biomineralization, e.g., it mineralized out of a plug of extrapalial fluid with the opl 2 as the nucleolus for mineralization without direct control by the mantle tissue Seilacher and Chinzei 1993) . Finally, with continuing shell growth, the apical mantle portions secrete the inner prismatic layer (e.g., Kulicki 1979 Kulicki , 1996 Birkelund 1980) , covering (and smoothing) the inner surface of the whorl.
Modification of parabolae.-A complete temporary aperture is not preserved; the primary shell is cut off. It is rather unlikely that the changing orientation of the primary shell and its cutting edges at the ventral saddle and the parabolic notches was caused by resorption (actual or subsequent whorl). Furthermore, the expected smoothing Discontinuity of the parabola, the primary nacreous layer ends abruptly. A secondary nacreous layer is attached from beneath. The relief is compensated by the dorsal inner prismatic layer. C. Discontinuity of parabolae at the position of the notches. The primary shell bends outwards and has an apertural prismatic coating. The secondary shell is attached from beneath. In front of the free edge of the primary shell a symmetric, prismatic thickening is formed. The dorsal shell compensates the relief. D. Lateral parts of the notches show the typical outward undulation of the new shell of the parabolic node. Abbreviations: apc, apertural prismatic coating; dipl, dorsal inner prismatic layer; dncl, dorsal nacreous layer; dopl, dorsal outer prismatic layer; ncl 1/2, nacreous layer of the primary/secondary shell; opl 1/2, outer prismatic layer of the primary/secondary shell; pt, prismatic thickening; S, septum. 
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or rounding of the shell is absent (e.g., Kohn et al. 1979) . However, observed cutting edges are similar to reported breaking-edges of injuries (e.g., Keupp 1998 Keupp , 2012 GR personal observations) . Hence, we propose that the removal of the former aperture results from breakage, probably caused by the overgrowth of the subsequent whorl. Due to the more or less fragile character of the primary shell, shell portions would easily break off.
Primary shape of parabolae.-The ultrastructural data allow some substantiated assumptions about the original morphology of parabolae. Our observations contradict the model of resorbed, temporary apophyses (Teisseyre 1883 (Teisseyre , 1889 Siemiradzki 1898 Siemiradzki -1899 Brinkmann 1929; Hiltermann 1939) . According to this model the ventro-lateral sinus of the parabolic notch is equivalent to the sinus of the apophyse. Both are supposed to be formed by the same processes, which for the apophyse are a local decrease in shell growth rates, i.e., it is not affected by resorption (or other kind of shell removal). In the apophyse model, resorption takes place only laterally (shortening of the apophyse) and ventrally at the aperture. Contrary to that, the removal (breakage or resorption) takes place along the complete length of parabolae. Furthermore, the original aperture of parabolae was enlarged at the position of the notches, an observation more or less unknown from the sinus of the apophyse, and the shell relief is rather smooth. The notch results from a folding of the aperture (see below). Several macroscopic aspects give further support, i.e., parabolae are affected by sculptural compensation in reaction to injuries; their position in the shell is not determined in contrast to that of apophyses which are always unaffected, even by previous injuries (Keupp 1973 (Keupp , 2000 (Keupp , 2012 Keupp and Dietze 1987) , indicating a different formation process. The difference is also reflected in dimorphism, whereas parabolae occur in micro-and macroconchs of the same species. Namely, only adult microconchs develop apophyses, and smooth apertures are typical for adult macroconchs. The formation of the terminal aperture seems to be decoupled from the development of parabolae. It is rather unlikely that juvenile parabolae are ontogenetically connected to adult apophyses. The enlargement of the parabolic aperture at the notches points to at least two possible primary shapes prior to removal.
(i) It was presumed that a parabolic notch could be a relic of a spine (Stieler 1922; Wendt 1968; Bucher and Guex 1990) . In fact, Checa and Martin-Ramos (1989) highlighted the similarity of spines of Aspidoceras to those of parabolae in other Aspidoceratinae and assumed a morphogenetic connection. The outward bending cutting-edge of each notch would represent the aboral base of a former spine and parts of its flank. These spines have to be adorally open, as indicated by the apc (Fig. 1B: right expression) , which corresponds to the assumptions of Stieler (1922) and Wendt (1968) . Similar spines are known from some Recent gastropods, e.g., Murex.
(ii) Why, however, is the breaking edge not restricted to parabolic notches but continues at the flank? The observations match with Michalski's (1908) assumption that parabolic lines are the remains of a flare-like extended aperture, i.e., a frill. A parabolic notch represents a local folding of the frill. Michalski (1908) based his interpretation on the morphological transition of parabolae into flares in the Early Jurassic lytoceratid Pleuroacanthitinae (compare Wähner 1894). Recently Hoffmann and Keupp (2010) examined the phylogenetic relationship between parabolae and flares in well-preserved specimens of early Liassic Analytoceras from Timor and confirmed that flares represent morphological derivates of parabolae (Fig. 9) . Hence, parabolae and flares are not only similar in internal structure (Table 2 ) but are alike in appearance (Fig. 1B:  middle expression) .
In large specimens of Analytoceras the folds of parabolae are morphologically similar to adorally open, semi-closed spines (e.g., Bucher 1997; Hoffmann and Keupp 2010 ). This observation is in line with the assumed formation process of aspidoceratid spines (Checa and Martin-Ramos 1989) . Therefore, we regard parabolae as frilled, temporary apertures with local folding at the future notches that can form spine-like extensions. The parabolae and their parabolic spines probably formed a rather small enlargement of the aperture. In our parabolae, the thin shell lamellae of the ncl 1, in comparison to the thick ncl 2 (Figs. 7B, 8B-D) , indicate an early mineralization state near the former apertural edge, or rather secretion area. Therefore, the frills (and spines) were probably not much larger than the preserved outward bending cutting edges at the notches, probably slightly higher than the observed 80 μm.
A frill-like enlargement probably does not prevail for the whole parabola. For example, the ventral saddle of parabolae in Analytoceras forms a ridge-like undulation and end parallel to the shell surface (Fig. 9A ). This could also explain the horizontal orientation of the primary shell at the ventral saddle in our parabolae; ventrally the apertural edge could be horizontally orientated (Fig. 1B: middle and right expression) as in other ammonoids (e.g., Mutvei 2014). Alternatively, the frill could break off at its base. In some Perisphinctoidea, like Orthosphinctes, the lateral parabolae form a rib-like undulation of the aperture; the shell bends outwards and then returns to the height of the normal shell surface, no frill is formed.
Secondary effects of frilled parabolae.-The frill-like aperture assumption for parabolae results in several implications: analogously to flares we assumed that some parabolic ribs represent shortened or stumps of frills which are reinforced by the secondary shell. The sculptural discontinuity is a morphogenetic effect of frill formation, its subsequent removal and the reattachment of the shell-secreting mantle tissue. After withdrawal, the mantle edge attaches to the curved base of the parabolae (note that in flares the base is usually straight and therefore paralleling the growth lines) and bridges the slots of the notches. The sculpture of the secondary shell was formed parallel to the attachment line of the mantle edge and is therefore independent of the aboral sculpture of the primary shell that is to be cut off. Furthermore, it is likely that the aboral sculpture continues at the frill, probably influenced by the folding. The parabolic notches represent a lack of shell material (frill-folds/spines), instead of a cut through the adoral sculpture, increasing the impression of different sculptural orientation of the primary and secondary shell. Formation of the frill-folds/spines was presumably the reason for the often-observed local deceleration in growing near the parabolic notches and the accompanied compression of growth lines (Keupp 1973) .
As previously indicated, the parabolic nodes are secondary infillings of the parabolic notches resulting from the reattachment of the mantle and secretion of new shell material while the mantle is pressed outwards. The mineralized shell copies the resulting outer relief of the mantle. Hence, the parabolic nodes are equivalent to the hollow floors in hollow spines of other ammonoids (e.g., Pleuroceras, Kosmoceras), which are subsequently added as shell growth continues (e.g., Erben 1972; Keupp 1973; Birkelund 1980 ).
Derivation of frill-model from superstructure-model for parabolae.- Doguzhaeva (2012) proposed the interesting hypothesis that parabolae represent a band-like superstructure of the musculature. According to her, the parabolic line represents the trace of a simultaneous internal and outer attachment of the musculature indicating a (semi-) internal shell. The interpretations of parabolae as temporary apertures were therefore dismissed by her. The hypothesis of Doguzhaeva (2012) The interpretation of Doguzhaeva (2012) is in contradiction to observations reported in the sections above. However, her observations can be reinterpreted in favour of the frill-model. In this study the whole parabolic line as well as the notches are associated with a discontinuity in shell growth (junction of two shell generations, withdrawal of the mantle). (i) Instead of representing muscular attachment pits, the parabolic nodes are formed as secondary infillings of an undulated secondary shell within the parabolic notches (Fig. 7D) , caused by reattachment accompanied by compression of the mantle. The internal relief of the node is preserved as a knob-like mark on the internal mould (Fig. 7D) as Doguzhaeva (2012) observed. (ii) A dorsal equivalent of parabolae could not be recognized in median or transversal cross section but the dorsal shell of the succeeding whorl compensates the relief. Accordingly, dorsal parabolic nodes merely represent the cast of the former whorl in the dorsal shell (Fig. 7C) . (iii) The striations of the ventral saddle and of the adjected areas of the notches are probably equal to common growth increments, which were interrupted due to the loss of the parabolic folds/spines (notches). (iv) The pt associated with the frill-fold/spines (Fig. 7C) is probably equivalent to the prismatic embeddings found by Doguzhaeva (2012) . Doguzhaeva (2012) cut this pt in transversal cross sections, simulating an embedding in the nacreous layer, but representing the ncl 1 and the ncl 2 separated by the pt. Only the embedded nacreous chips were 
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not recognized by us but they could be a product of diagenetic disruption of the shell.
Homology.-Based on the identical internal structure (opl 1, ncl 2, apc; Table 2 ) and formation process, the similar primary shape and transitional structures in Pleuroacanthitinae, we propose a general homology for flares and parabolae. Occurrences of parabolae in Phylloceratoidea-the stem group of Jurassic and Cretaceous Ammonitina-suggest that these were passed on to the Lytoceratoidea and Perisphinctoidea, probably as a facultative feature. Accordingly, their internal construction is identical. Parabolae seem to be the primary state whereas the simpler flares of Lytoceratoidea are the derived state (Michalski 1908; Hoffmann 2010; Hoffmann and Keupp 2010) . It can be assumed that in the perisphinctids a second evolutionary trend can be recognized in addition to the flares in lytoceratids: the closed hollow spines of aspidoceratids are probably derived from the parabolae, i.e., the parabolic folding forms the spines (Checa and Martin-Ramos 1989) . For the Late Devonian parabolae-bearing Clymeniida the relation to Jurassic and Cretaceous taxa is difficult to estimate but a similar structure and formation process of their parabolae is likely.
Megastriae.-Parabolae, flares and secondary flares are in accordance with the definition of megastriae proposed by Bucher and Guex (1990) , i.e., radial linear elements associated with a discontinuity in shell growth comprising the outer prismatic (opl 1 × opl 2) and the nacreous (ncl 1 × ncl 2) layer (compare Bucher et al. 1996; Bucher 1997) . It is questionable whether this strict definition can be always used for radial linear elements associated with an interruption in shell growth that are normally assigned to megastriae. For example, Drushits and Doguzhaeva (1981) and Sprey (2002) show flares and (juvenile) parabolae that are only formed by the opl 1. Strictly speaking, these sculptural elements cannot be taken as megastriae according to Bucher and Guex (1990) . However, the observations of Sprey (2002) may indicate a structural change of parabolae during ontogeny. Parabolae of juveniles are composed of the opl 1 while parabolae of adults are composed of the opl 1 and the ncl 1. This is likely since Sprey's (2002) and our observations were made in closely related genera: Binatisphinctes and Choffatia. In our opinion, the differences in structure do not necessarily imply a different morphogenesis, i.e., the withdrawal of the mantle edge. Instead, they indicate earlier activity of additional shell-secreting mantle tissue prior to retraction, i.e., formation of the ncl 1. Variations in structure may just indicate a different timing of formation (prolonged or short periods of shell precipitation). Although structurally very similar, the primary and secondary flares represent a difference in time of formation, too, as indicated by their different scale. However, both would be handled equally as megastriae according to Bucher and Guex (1990) .
In our opinion the strict definition of megastriae excludes a number of related, radial linear sculptures or does not consider morphological or temporal differences. We recommend a broader definition of megastriae, i.e., radial linear elements associated with an observable interruption of shell growth in a single or multiple shell layers. For the distinction of megastriae subtypes, different time frames have to be taken into account. It is noteworthy that the identification of a megastriae (sensu Bucher and Guex 1990; Bucher et al. 1996 and as defined here) does not automatically imply the presence of an originally enlarged aperture, comparable to flares or parabolae.
Possible function of a frilled aperture.-Since the frill formation constituted a certain effort for the animal, it is likely that the frill was used for a special purpose and was not instantly replaced as proven by the apc of flares and parabolae which indicates a resting stage (permanent mantle attachment). Flares and parabolae extend the effective radius of the aperture. Similar apertural modifications are observed in some modern gastropods, such as Cassidae, Ranellidae, Perso nidae, and Muricidae (Wendt 1968; Linsley and Javidpour 1980; Seilacher and Gunji 1993; Vermeij 1993) and have a primary function of protection against predators. This kind of interpretation for flares and parabolae is supported by the fact that parabolae are predominantly restricted to juvenile ammonoid shells. Their small diameter made them vulnerable to attack. Development of some protective shell elements or strategies likely helped them to survive this critical period of their ontogeny. The ammonoid frill could impede attacks on the aperture. The larger radius probably complicates the grabbing of the whole aperture. We assume that flares and parabolae are very fragile structures that easily break off during an attack, allowing the ammonoid to escape or to withdraw the soft body into its living chamber, i.e., an easy-to-tear strategy (Checa 1994 ; see also Keupp 2012: 79) . Additionally, it could serve as a certain deterrent of potential attackers, especially when armoured with spines. The permanent mantle cover (apc) possibly renders deterring colour patterns, as seen in modern molluscs (e.g., Vermeij 1993) . Deterrence would be useful since flares and parabolae hinder fast movement in an escape. On the other hand, the extended surface of the aperture and its mantle cover could fulfil a sensory function. The frill could improve the perception of movements in the immediate vicinity and the chemical perception of predators, prey or mating partners.
In present day gastropods, e.g., Murex, similar temporary apertural frills are associated with an episodic growth mode (Wendt 1968; Vermeij 1993; Checa 1994; Bucher et al. 1996) . The shell portion between frills represents a stage of fast growing periostracum whereas a frill represents a long lasting mineralization stage and pause in growth. The shell structure of ammonoid flares and parabolae reflects this situation, i.e., junction of two shell generations and pause in secretion. Hence, the apc indicates an episodic rhythm of growth in flares and parabolae. However, in Argonauticeras, two episodic patterns overlap each other: the pattern of the primary flares and that of secondary flares. The explicit formation of primary flares in contrast to secondary flares underlines its needed function.
Several authors have assumed that the repeated interruptions of growth represent a controlled reorientation of the shell aperture to compensate fabricational conflicts that disturb spiral growth (Seilacher and Gunji 1993; Bucher et al. 1996; Bucher 1997) . Furthermore, these authors argue that the sculptural discontinuity seen in parabolae is directly related to the controlled reorientation of the aperture. Whereas a reorientation is within the realm of possibility, the sculptural discontinuity in parabolae is a morpho-fabricational secondary effect of frill formation and its removal, as mentioned above.
Conclusions
The internal structure of lytoceratid flares and perisphinctid parabolae indicate that both represent homologous constructions associated with episodic growth. Both structures represent the junction of two different shell generations, comprising the outer prismatic (opl 1 × opl 2) and nacreous (ncl 1 × ncl 2) layer. The second shell generation is formed after withdrawal and reattachment of the mantle tissue that causes the discontinuity of shell layers. Therefore, the term megastriae proposed by Bucher and Guex (1990) is applicable to both, flares and parabolae. During the final step of shell formation, the mantle tissue secretes the inner prismatic layer (ipl). Due to the internal structure of parabolae, an affiliation to a superstructure of the musculature system, hypothesized by Doguzhaeva (2012) , can be dismissed.
Flares and parabolae are formed as episodic, temporary frill-like extensions of the aperture during pauses in growth. Their inner surface was covered by the mantle as indicated by an apertural prismatic coating (apc), which we report for the first time. The coating is probably homologous with the mantle adhesive layer of Nautilus (Erben et al. 1969; Doguzhaeva and Mutvei 1986; Mutvei and Doguzhaeva 1997; Mutvei 2014) . The complete preserved flares of Argonauticeras show that these end in a backward reflection of the shell. A complete parabola was not observed. Their prominent parabolic notches represent traces of local foldings that can form open spines. The sculptural discontinuity usually associated with parabolae is not caused by resorption but is a morphogenetic effect that results from the withdrawal and reattachment of the mantle edge at the curved base of parabolae.
However, flares show evidence of resorption of the shell. Resorbed flares take the form of rounded stumps or were cut horizontally at their bases. Cut bases and the bulge (an undulation of the secondary shell in front of the flares) form weak rib-like ridges. These (false) ribs can be easily distinguished from common ribs (undulation) by the structural discontinuity but have the potential for macroscopic misinterpretation: for example, this study is a first report of flares for Argonauticeras, which have previously been described as ribs (Hoffmann 2010) . We propose a removal of flares by the mantle tissue of the actual whorl and of the following whorl. The actual mantle tissue resorbed the distal parts of the flare prior to secretion of the secondary shell, forming rounded stumps as a result. The horizontally cut flares are the result of resorption of the ventral flare-stumps by the mantle of the following whorl during overgrowth. In contrast to resorption, breakage is assumed for the fragile parabolic frills of Choffatia.
The enlargement of the aperture of flares and parabolae probably had a certain defensive purpose against predatory attacks (e.g., expandable shell, deterrence). This effect could have been enhanced through coloured mantle tissue (warning or camouflage pattern) that might also have had a sensitive function.
